Delivery of suicide genes to solid tumors represents a promising tumor therapy strategy. However, slow or limited killing by suicide genes and ineffective targeting of the tumor has reduced effectiveness. We have adapted a suicide system based on an inducible caspase-9 (iC9) protein that is activated using a specific chemical inducer of dimerization (CID) for adenoviral-based delivery to lung tumors via mesenchymal stromal cells (MSCs). Four independent human non-small cell lung cancer (NSCLC) cell lines were transduced with adenovirus encoding iC9, and all underwent apoptosis when iC9 was activated by adding CID. However, there was a large variation in the percentage of cell killing induced by CID across the different lines. The least responsive cell lines were sensitized to apoptosis by combined inhibition of the proteasome using bortezomib. These results were extended to an in vivo model using human NSCLC xenografts. E1A-expressing MSCs replicated Ad.iC9 and delivered the virus to lung tumors in SCID mice. Treatment with CID resulted in some reduction of tumor growth, but addition of bortezomib led to greater reduction of tumor size. The enhanced apoptosis and anti-tumor effect of combining MSC-delivered Ad.iC9, CID and bortezomib appears to be due to increased stabilization of active caspase-3, as proteasomal inhibition increased the levels of cleaved caspase-9 and caspase-3. Knockdown of X-linked inhibitor of apoptosis protein (XIAP), a caspase inhibitor that targets active caspase-3 to the proteasome, also sensitized iC9-transduced cells to CID, suggesting that blocking the proteasome counteracts XIAP to permit apoptosis. Thus, MSC-based delivery of the iC9 suicide gene to human NSCLC effectively targets lung cancer cells for elimination. Combining this therapy with bortezomib, a drug that is otherwise inactive in this disease, further enhances the anti-tumor activity of this strategy.
INTRODUCTION
One suggested means by which solid tumors may be debulked is by introducing suicide genes that can be triggered by smallmolecule drugs. 1 As these suicide systems can be designed to be non-cross-resistant with conventional agents, they could potentiate available therapeutic regimens without a concomitant increase in toxicity. Despite initial promise, however, many of these earlier suicide systems proved to be less clinically effective than desired, in part because of slow and limited killing of nondividing or slowly dividing tumor compartments and in part because of limitations in the methods used to deliver the suicide gene to the tumor. 1, 2 We have previously reported the use of an inducible version of caspase-9 (iC9) as a suicide gene to increase the safety of adoptive cell therapies. [3] [4] [5] iC9 consists of the pro-apoptotic protein caspase-9, fused to a modified human FK-binding protein that can be conditionally dimerized following exposure to a chemical inducer of dimerization (CID), such as AP1903, or its functionally identical analog AP20187. Caspase-9 is thus activated by dimerization 6 resulting in apoptosis. In a clinical study, infused iC9-expressing donor T cells underwent rapid apoptosis when exposed to a single dose of the otherwise bioinert small molecule, AP1903, dramatically resolving symptoms due to graft-versus-host disease. 3 Similarly, in a murine model, infused mesenchymal stromal cells (MSCs) expressing iC9 were selectively eliminated following exposure to CID. 4 This strategy is highly effective as a safety-switch to limit potentially harmful side effects of transferred cells, but the feasibility of using caspase-9 as a direct tumor killing mechanism is untested.
Caspase-9 is activated downstream of the mitochondrial pathway in response to diverse pro-apoptotic stimuli. 7 Direct dimerization of caspase-9 therefore bypasses many upstream signals, such as Bcl-2 overexpression, that may be present in tumor cells and are known to confer resistance to apoptosis. 8 This allows for direct and specific induction of apoptosis. Nonetheless, despite these putative benefits, downstream signals remain that may block or impede caspase-9-induced cell death. This could lead to significant heterogeneity in sensitivity to apoptosis induced by iC9 between distinct tumors and between individual tumor cells within the same tumor. Inhibition of the proteasome with agents such as bortezomib has been shown to sensitize cells to apoptosis induced by a number of different stimuli and produces these benefits in part by enhancing caspase activation. [9] [10] [11] [12] We therefore also determined whether the combination of iC9 and the protesomal inhibitor bortezomib can synergize and increase the killing of lung tumor cells. Although bortezomib is approved for the treatment of multiple myeloma and mantle cell lymphoma, it has little clinical efficacy against lung cancer and other solid tumors as a single agent. 13 Because of the known difficulties in effectively delivering suicide genes to patients with lung cancer, we determined whether we could use MSCs to deliver iC9 to non-small cell lung cancer (NSCLC) in vivo. MSCs have already been used to deliver a number of different genes to tumors, including tumor necrosis factor apoptosis-inducing ligand (TRAIL), interleukin-12 and interferon. [14] [15] [16] [17] Here we determine whether MSCs can also be adapted to transfer iC9.
To enhance transfer of the iC9 to tumor cells, we modified the MSCs to produce an adenovirus encoding iC9. Adenoviruses can infect quiescent cells and hence can effectively deliver suicide genes to tumors, but systemic administration of high doses of virus is associated with systemic toxicity 18 and rapid elimination of the virus by the immune system before reaching the tumor. 19 Toxicity is limited and viral delivery is enhanced when MSCs are used as vehicles. 20 This strategy may be particularly effective for the delivery of suicide genes to lung tumors as MSCs have been shown to accumulate in the lung vascular bed after intravenous administration 21 and to selectively migrate to sites of malignancy. [22] [23] [24] We therefore prepared a replication incompetent (E1A deleted) adenoviral vector containing iC9. Additional forced expression of E1A in the MSCs converted human MSCs into adenoviral iC9 (Ad.iC9) producer cells. We now report how MSCmediated delivery of Ad.iC9 can be combined with bortezomib to produce significant anti-tumor activity in a human xenograft model, even in otherwise resistant tumors.
MATERIALS AND METHODS Reagents
CID/AP20187 was purchased from Clontech (Mountain View, CA, USA) as B/B homodimerizer and diluted in 100% ethanol. The proteasome inhibitor bortezomib and pan-caspase inhibitor qVD-Oph were purchased from Selleck Chemicals (Houston, TX, USA) and R&D Systems (Minneapolis, MN, USA) respectively, and dissolved in dimethyl sulfoxide.
Cloning
The construction of the iC9 suicide cassette was previously described. 25 Briefly, the caspase recruitment domain of the caspase-9 gene was replaced with a 12-kDa human FK506-binding domain (FKBP12; GenBank AH002 818). Caspase-9 was fused via a 2A-derived nucleotide sequence to truncated human CD19 (iC9-ΔCD19). As previously demonstrated, fusion of FKBP to caspase-9 enables conditional dimerization and activation of the caspase by addition of a CID/AP20187, a ligand containing two FK506 moieties, to the cellular medium. 5 Recombinant Adenovirus 5F35 was constructed using the Adeno-X Expression System 1 from Clontech. The iC9-ΔCD19 sequence was amplified by PCR and inserted into the pShuttle 2 plasmid. The recombinant expression cassette was then digested using I-Ceu I and PI-Sce I and subcloned into the Adeno-X genome. The vector encoding the fusion protein enhanced green fluorescent protein-Firefly luciferase (eGFP-FFLuc) was previously described 26 . The retrovirus vector encoding Adenovirus E1A 12s gene was obtained from Addgene (pWZL-E1A-Hygro, no. 18750, Cambridge, MA, USA).
Virus production
The retroviral supernatant was prepared by transfecting 293T cells with the retroviral construct, Peg-Pam-e encoding for gag-pol, and RDF encoding for the RD114 envelop using Fugene6 transfection reagent (Roche, Indianapolis, IN, USA), and supernatants were collected 48 and 72 h later. Adenovirus was produced by Baylor College of Medicine (BCM) Vector Development lab following the standard operating procedures (www.bcm. edu/vector)
Generation of MSCs
MSCs were isolated from healthy donors (following a standard BCM Institutional Review Board's approved protocol) as described previously. 4 Discarded (postinfusion) healthy donor bone marrow collection bags and filters were washed with RPMI 1640 and plated on tissue culture flasks in RPMI with 10% fetal bovine serum, 2 mM L-glutamine, 100 units ml − 1 penicillin and 100 mg ml − 1 streptomycin (Invitrogen, Carlsbad, CA, USA). After 48 h, the supernatant was discarded, and the cells were cultured in complete culture medium: α-Minimum Essential Medium (Invitrogen) with 16.5% fetal bovine serum, 2 mM alanyl-glutamine, 100 units ml − 1 penicillin and 100 mg ml − 1 streptomycin. Cells were grown to o80% confluency and re-plated at a lower density. The bone marrow-derived MSCs used in the present study exhibited a spindle shape, expressed MSC-defining markers measured by flow cytometry analysis and differentiated into adipocytes, osteocytes and chondrocytes in appropriate culture media (data not shown).
Cell culture
Human NSCLC cell lines (H1299, H441, H1650 and A549) were obtained from American Type Culture Collection (Manassas, VA, USA). H1299, H441 and H1650 were cultured in RPMI 1640 and A549 were cultured in Dulbecco's modified Eagle's medium. All media was supplemented with 10% fetal bovine serum and 2 mM L-glutamine. Cells were grown at 37°C in a humidified incubator at 5% CO 2 .
Adenoviral transduction
Cells were plated in a six-well tissue culture-treated plate (1 × 10 5 cells per well) and cultured in corresponding complete medium for 24 h. Medium was aspirated and replaced with 250 μl serum-free Iscove's Modified Dulbecco's Medium per well. Adenoviral iC9 (Ad.iC9) at 1500 viral particles per cell was added, and plates were rocked every 10 min for 1 h and every 20 min for the following 2 h. Next, 650 μl of corresponding complete medium was added per well. Cells were collected after 72 h and stained with anti-CD19-allophycocyanin antibody according to the manufacturer's instructions (BD Biosciences, San Jose, CA, USA). The percentage of cells expressing ΔCD19 was measured by flow cytometry (Gallios, Beckman Coulter, Brea, CA, USA) 72 h after transduction.
Xenograft mouse model
All mouse experiments followed BCM animal husbandry guidelines. Sevenweek-old severe combined immunodeficient female BEIGE mice (CB17-SCID; Charles River, Wilmington, MA, USA) were inoculated via tail vein injection with 2.5 × 10 6 A549 cells labeled with FFLuc. Tumor engraftment was measured using the Xenogen-IVIS Imaging System (Caliper Life Sciences, Hopkinton, MA, USA). Mice were injected intraperitoneally (i.p.) twice a week with D-luciferin (150 mg kg − 1 ), and signal intensity was measured as total photon second
). On day 4 after tumor establishment, Ad.iC9-transduced E1A-MSCs (1 × 10 6 ) were infused into mice in the treatment groups via tail vein injection. Forty-eight hours later, the corresponding groups were treated with CID (50 μg) i.p. 2-3 doses every other day and bortezomib (0.3 mg kg − 1 ) i.p. twice a week for 1 week. The treatment cycle was repeated once. rabbit antibodies specific for caspase-9, cleaved caspase-9 and caspase-3 and with monoclonal rabbit antibodies specific for cleaved caspase-3 and X-linked inhibitor of apoptosis protein (XIAP; Cell Signaling Technology). Blots were exposed to goat anti-rabbit horseradish peroxidase-conjugated secondary antibody, and proteins were detected using the enhanced chemiluminescence substrate for horseradish peroxidase enzyme kit (Thermo Scientific, Kalamazoo, MI, USA). The membranes were stripped and reprobed with horseradish peroxidase-conjugated mouse monoclonal anti-actin (Santa Cruz Biotechnology, Dallas, TX, USA).
Lentivirus-mediated knockdown of XIAP GIPZ lentiviral-based shRNA constructs that contain mir30 sequences and GFP targeting XIAP, GAPDH (glyceraldehyde 3-phosphate dehydrogenase) or non silencing random sequences were purchased from Open Biosystems. (Clone IDs: V2LXX_00001, V2LXX_00002, V2LHS_94574, V3LHS_302102 and V3LHS_302105). Lentivirus production and infection with lentiviral shRNA supernatant followed the manufacturer's instructions using the TransLenti Viral GIPZ Packaging System (Thermo Scientific Open Biosystems Catalog nos. TLP4614 and TLP4615, GE Dharmacon, Lafayette, CO, USA). Cells were selected by culture with puromycin 1 μg ml − 1 and then sorted for high GFP expression (top 10%).
Statistical analysis
All statistical analyses used the GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA, USA). Paired two-tailed Student's t-test was used to determine the statistical significance of differences between samples. All numerical data are represented as mean ± 1 s.d. Results were considered statistically significant when P o0.05.
RESULTS
NSCLC tumor cells transduced with iC9 undergo apoptosis in the presence of CID We cloned iC9, consisting of the catalytic domains of caspase-9 fused to the FKBP dimerization domain, into the adenoviral vector Ad5F35 (Figure 1a) . 27 To assess the efficiency of apoptosis induced by iC9 activation in a lung tumor model, we transduced a number of independently generated NSCLC cell lines, including H1299, A549, H441 and H1650, with Ad.iC9. Treatment of non-transduced cells with CID did not induce measurable apoptosis (Supplementary Figure S1 ), confirming that this compound is bioinert when used at these concentrations. 28 On day 3 after transduction, CID was added. Apoptosis was determined 24 h later by Annexin V and 7-AAD staining and quantified by flow cytometry. Expression of iC9 alone induced negligible amounts of apoptosis in H1299 and A549 cells, while slightly higher levels (up to 30%) were detected in H441 and H1650 cell lines. Addition of CID to H1299 cells and H441 cells induced robust apoptosis, confirming that enforced dimerization of caspase-9 induced programmed cell death ( Figure 1b) . In contrast, addition of CID to the remaining two cell lines, A549 and H1650, produced substantially lower levels of apoptosis ( Figure 1b) . Thus iC9 appears to induce apoptosis with variable efficiency across the NSCLC cell lines tested.
To determine whether differences in sensitivity to apoptosis reflected differences in transduction efficiency, we measured the expression of iC9 in a number of different ways. The iC9 sequence was linked to a truncated form of CD19 (ΔCD19) by the selfcleaving 2A sequence. This truncation mutant of CD19 has no activity but is still recognized by antibodies allowing us to measure the expression of the linked iC9 protein. Expression of ΔCD19 was measured by flow cytometry and showed that all cell lines were comparably transduced at 480% efficiency ( Figure 1c , upper panel). The MFI (mean fluorescence index) indicated the total ΔCD19 expressed ( Figure 1c , lower panel). H1299, H441 and A549 showed similar levels of ΔCD19 expression, while H1650 showed lower levels of ΔCD19 expression in comparison. iC9 expression levels, as measured by western blotting, showed a very similar pattern of relative expression of iC9, with the levels being the lowest in H1650 cells (Figure 1d ). Although there were differences in the relative levels of iC9 protein expression, these did not correlate with the differences in sensitivity to apoptosis that we observed. For example, A549 cells were much more resistant to iC9-induced apoptosis than H1299 cells despite similar amounts of iC9 protein expressed. Therefore, the variability in iC9-induced apoptosis across the NSCLC cell lines was not a result of differential iC9 expression. iC9-induced apoptosis is enhanced by proteasome inhibition The proteosome inhibitor bortezomib is used clinically and can overcome resistance to other cytotoxic drugs and sensitize cells to diverse apoptosis inducers. 13 To maximize apoptosis induced by iC9 in the NSCLC cell lines, we investigated the effect of cotreatment with bortezomib. Treatment of non-transduced cells and iC9-transduced cells with bortezomib alone did not induce apoptosis (Figure 2a ). In the iC9-transduced cell lines H1299 and H441, in which CID induced the highest levels of apoptosis, the addition of bortezomib (80 nM) had little further effect. However, in H1650 and A549 cells, the combination of bortezomib and CID consistently enhanced apoptosis of iC9-transduced cells above the levels induced by iC9 activation alone (Figure 2a ). Of note, in H1299 cells, bortezomib induced apoptosis of iC9-transduced cells even in the absence of the dimerizing drug. This may indicate that inhibition of the proteasome leads to stabilization of spontaneous dimerization of FKBP-caspase-9 in the absence of CID in this cell line.
To determine whether the combined effects of bortezomib and CID were synergistic or merely additive, we further characterized the cell line that appeared to be most sensitive to caspase-9-induced apoptosis, H1299, and the cell line that appeared to be most resistant, A549. We treated each iC9-transduced cell line with increasing concentrations of bortezomib alone, CID alone or a combination of both drugs. iC9-transduced A549 cells showed a synergistic response to bortezomib and CID as determined by median drug effect analyses (Figure 2b, Supplementary Figure S2) . The combination index (CI) values for the A549 cell line were 0.002-0.003 for doses of 10-160 nM demonstrating synergism as defined by CI o1 (Figure 2c ). In contrast, H1299 cells only showed synergy (0.267, 0.808) at 40 and 80 nM doses of combined CID and bortezomib, respectively, while the remaining doses (10, 20 and 160 nM) showed slight antagonism (CI41). Figure S2 ). Dose-effect curves were plotted using the CalcuSyn software. (c) Combination indices were calculated from the data in panel (b) and plotted using the CalcuSyn software. CI value o1.0 is considered synergistic.
Delivery of iC9 to lung tumor cells by MSCs
We next investigated the feasibility of delivering Ad.iC9 to lung tumor cells. We used MSCs as the vehicle, exploiting the propensity of these cells to be trapped in lung vasculature and to migrate towards tumor sites. 21, 24 As Ad.iC9 is a replication incompetent vector, we first transduced MSCs with a retroviral vector encoding the adenoviral gene E1A to allow active adenoviral replication. Five days following transduction, 20-60% of transduced MSCs expressed E1A, as determined by immunofluorescence staining for E1A (Figure 3a) . To test whether these cells produced infectious adenovirus, E1A-negative (E1A − ) and E1A-positive (E1A+) MSCs were infected with a GFP-encoding adenoviral vector (Ad.GFP). We infected each MSC population with Ad.GFP at 1500 viral particles per cell, removed the supernatant after 5 days and then added the supernatant to H1299 cells to compare the titers of infectious Adenovirus produced by each. As shown in Figure 3b , after 48 h, 93.4 ± 4.6% of H1299 cells exposed to supernatant from E1A+ MSCs became GFP positive, versus 29.1 ± 14.4% of H1299 cells exposed to supernatant from E1A − MSCs (P = 0.0018). This confirmed that it is necessary for MSCs to express E1A to produce optimal adenovirus for infection.
We repeated these experiments using EIA+ MSCs infected with Ad.iC9-ΔCD19. We assessed ΔCD19 expression in the target cells as a measure of transduction efficiency and iC9 expression. As before, E1A+ MSCs produced significantly higher viral titers than E1A − MSCs (Figure 3c ). Thus MSCs can be modified to produce iC9 adenovirus that infects target tumor cells. (Figure 3e ). This variability in sensitivity to iC9-induced apoptosis was consistent with the differences we observed when we transduced these cell lines directly with iC9. In addition, while bortezomib had little effect on A549 cells infected with iC9, the combination of CID and bortezomib significantly increased apoptosis (81.84 ± 2.55%) compared with untreated cells (P ⩽ 0.0001) or compared with CID treatment (P = 0.0006) (Figure 3e ). These results confirm that the synergistic effects of bortezomib and CID are maintained when iC9 is delivered by a cellular vehicle. We next evaluated the in vivo consequences of MSC delivery of Ad.iC9 to lung tumor. We used the SCID-Beige mouse lung cancer xenograft model and infused the mice with 2.5 × 10 6 FFLuclabeled A549 cells intravenously. Following infusion, the cells established tumors in the lung (Figure 4a ). Four days following establishment of the tumor, the mice were injected with vehicle or 1 × 10 6 intravenous Ad.iC9-E1A-MSCs (Day 0 on graph shown in Figure 4b ). Two days later, mice were treated with i.p. CID alone (2-3 doses every other day), bortezomib alone (twice a week) or a combination of both. This treatment cycle was repeated once for a total of 2 weeks of treatment. As shown in Figures 4a and b , the tumor bioluminescence of mice rapidly increased when the mice were treated with bortezomib alone or infused with Ad.iC9-E1A-MSCs followed by bortezomib treatment (signal change of 1.28E +10 and 1.16E+10, respectively, from Day 0 to Day 17). Infusion of Ad.iC9-E1A-MSCs followed by CID treatment diminished tumor growth, (7.03E+9 signal reduction). This effect was further enhanced when Ad.iC9-E1A-MSC-infused mice were treated with a combination of CID and bortezomib. The combination of CID and bortezomib was significantly more effective than either drug alone (Figure 4c ). The attenuation of tumor growth was evident at day 15 following MSC infusion and most significant at day 17 (signal reduction of 2.13E+9) (P = 0.002). None of the treatments had any effect on the overall survival of the mice (data not shown). This may be due to severe weight loss observed following bortezomib treatment, which is a known and species idiosyncratic toxicity of bortezomib in mice. 29 These results show that the combination of bortezomib and MSC-delivered iC9 attenuates tumor growth in a lung tumor xenograft model. Active caspase-3 is stabilized by proteasome inhibition We next determined the mechanism of bortezomib sensitization to iC9 in vitro and in vivo. Proteasome inhibition sensitizes cells to apoptosis by preventing degradation of the active forms of caspases, including the effector caspase, caspase-3. 30 We first confirmed that cell death in response to the combination of CID and bortezomib was caspase dependent. We treated iC9-transduced A549 cells with CID and bortezomib as before, in the presence or absence of the caspase inhibitor qVD-OPh. As expected, caspase inhibition completely blocked apoptosis induced by CID, bortezomib and the combination of both drugs ( Figure 5a ). As qVD-OPh blocks all caspases, this result strongly indicated that caspase activity was required for the death.
To further explore the effects of CID and bortezomib on caspase activation, we analyzed caspase-9 and caspase-3 cleavage in iC9-transduced H1299 and A549 cells. Following CID treatment of iC9-transduced H1299 cells, iC9 was completely converted from the 45-kD proenzyme to the p17 mature subunit, indicating complete cleavage of the caspase. This effect was accompanied by a corresponding processing of caspase-3 from the 37-kD proenzyme to the p20/p17 mature active form, indicating robust caspase In iC9-transduced A549 cells, addition of CID induced processing of caspase-9 as full-length iC9 was no longer detected by immunoblot. However, we failed to detect any cleaved caspase-9 (p17). Caspase-9-induced cleavage of caspase-3 was also impaired because the proenzyme remained, and only very low levels of cleaved caspase-3 were detected (Figure 5b ). This suggested that the cleaved forms of these caspases were subject to proteasomemediated degradation in A549 cells. Consistent with this proposed mechanism, the combination of CID and bortezomib substantially increased the levels of these cleaved products. Hence, the lower levels of cleaved caspase-3 in the lysates of iC9-transduced A549 cells corresponds to the less efficient apoptosis induced by CID observed in this cell line. Together, these data strongly suggest that bortezomib sensitizes iC9-transduced cells to CID by preventing proteasomal degradation of active caspases, thus increasing caspase activity and thereby increasing apoptosis.
Loss of XIAP sensitizes cells to iC9-induced apoptosis Proteasomal degradation of active caspases is mediated by the inhibitor of apoptosis XIAP, 30 and high levels of XIAP can increase resistance to certain pro-apoptotic stimuli. 31, 32 We measured the levels of XIAP protein by immunoblot in the panel of iC9-transduced cell lines to determine whether the observed variability in susceptibility to CID-induced apoptosis was associated with differential expression levels of XIAP (Figure 5c ). The initial levels of XIAP were comparable in H1299, H441 and A549 cells and were slightly lower in H1650 cells. Transduction of iC9 led to a slight decrease in XIAP protein in all the cell lines except for A549 cells. Thus the lower sensitivity of H1650 and A549 cells cannot be explained solely by the higher expression levels of XIAP. Exposure to CID resulted in a decrease in XIAP protein in iC9-transduced H1299, H441 and H1650 cells but not in iC9-transduced A549 cells. Thus in A549 cells, where bortezomib had the greatest effect, XIAP protein persists when caspase-9 is activated.
To further explore the role of XIAP in determining sensitivity to iC9-induced apoptosis, we used shRNA to knockdown XIAP in iC9-transduced A549 cells. We used three different shRNA sequences that targeted XIAP and one resulted in complete stable knockdown (XIAP shRNA no. 3). (Figure 5d ). Under these conditions, treatment of XIAP-knockdown cells with CID resulted in increased apoptosis compared with control knockdown cells (Figure 5e ). Knockdown of XIAP also sensitized iC9-A549 cells to apoptosis induced by bortezomib. This mirrors the effect of bortezomib in iC9-transduced H1299 cells as shown in Figure 2 . Together these findings suggest that the inhibitory activity of XIAP contributes to the degradation of active caspase-3, which is overcome by inhibition of the proteasome resulting in a corresponding increase in the potency of CID-dependent, iC9-mediated apoptosis.
DISCUSSION
Although adenoviral vectors have been extensively used for cancer therapies, only modest benefits have been observed. [33] [34] [35] One of the limitations to success has been rapid clearance of the vector by the host's innate and adaptive immune systems, with consequent limited biodistribution to tumor sites. 19 Investigators have therefore developed 'stealth' vectors that are sheltered from the immune system within cells and whose delivery depends on the biodistribution of the sheltering cell and not of the vector itself. We now describe how this concept can be applied to NSCLC by taking advantage of the selective accumulation of MSCs in the lung vasculature at the sites of tumor. 21, 24, 36 We have engineered these MSCs to produce an adenoviral vector encoding the inducible caspase 9 (iC9) gene ( Figure 6 ). We have shown that this approach can be used to kill NSCLC in vitro and in an orthotopic mouse xenograft model of lung cancer. Furthermore, the effects are synergistically enhanced by combining the MSC-Ad.iC9 with administration of the proteasome inhibitor bortezomib, a drug that is otherwise ineffective for the treatment of NSCLC.
MSCs have characteristics that make them well suited as cellular vehicles for delivery of anti-tumor agents such as Ad.iC9 to lung tumors. They can be reliably isolated from bone marrow and expanded to large numbers in vitro. 37 In addition, they lack major histocompatibility complex II and co-stimulatory molecule expression, allowing them to be used in an allogeneic setting with minimal immunogenicity. 38 These properties have encouraged the use of MSCs for targeted delivery of a diverse array of anti-tumor agents to tumor sites. MSCs have successfully delivered TRAIL, interleukin-12, interferon, suicide genes or a combination of potentially oncolytic agents to an array of tumors, including gliomas, cervical carcinoma, pancreatic cancer, colon cancer, melanoma and renal cell carcinoma. [14] [15] [16] [17] MSCs become entrapped in the lung microvasculature after intravenous administration 21 and migrate toward 'inflammatory' sites, including tumors. 23 The current study exploits these properties of MSCs to deliver the iC9 suicide gene to NSCLC cells.
Most studies that deliver suicide genes to cancer cells have used strategies involving nucleoside analogs, such as those combining Herpes Simplex Virus thymidine kinase (HSV-TK) with ganciclovir (GCV) 39 and bacterial or yeast cytosine deaminase (CD) with 5-fluoro-cytosine (5-FC) 40, 41 to induce cell death. These systems have the advantages of producing significant bystander killing due to transfer or release of the phosphorylated nucleosides formed from the nucleoside pro-drugs. 42 Nonetheless, the potential benefits of these systems are limited by a number of inherent deficiencies. Both HSV-TK/GCV and CD/5-FC kill cells by interfering with DNA synthesis, so that the approach has its greatest effects on tumor cells that are in cell cycle. This leaves significant residual cell populations in slower growing regions of the tumor and may have limited impact on the slowly dividing stromal elements that are critical for tumor cell growth and treatment resistance. Even for cycling cells, the effects may be slow in onset favoring the emergence of resistant cells. 43 Although immune response has been shown to increase the efficacy of the HSV-TK/GCV system in liver tumors, 44 the immunogenicity of the transgene product may alternately cause transduced cells to be eliminated by the immune system before sufficient phosphonucleosides are produced for a significant bystander effect on adjacent tumor cells. 45 Finally, the pro-drugs required may be toxic (for example, 5-FC) particularly in heavily pretreated cancer patients or may have additional therapeutic uses that would be excluded (for example, GCV). 46 For these reasons, delivery of the iC9 suicide gene in combination with CID represents a valuable complement to existing methods for inducing cancer cell death. A study in human recipients of stem cell transplantation showed that a single dose of CID efficiently and rapidly induced apoptosis of T cells expressing iC9. 3 As iC9 works by directly inducing apoptosis, this rapid activity occurs irrespective of the cell cycle status of the transgenic cells unlike HSV-TK. Moreover, the iC9 transgene encodes a protein that is almost entirely derived of human sequences and appears to lack immunogenicity. Importantly, CID is a bioinert small molecule that has shown no evidence of toxicities even at doses 10-fold higher than those required to activate iC9. 3, 28 The iC9-CID system takes advantage of the fact that caspase-9 is activated by dimerization. 6 Enforced dimerization of caspase-9 is mediated by the FKBP dimerization domain that is fused to caspase-9, resulting in rapid activation of downstream caspases, including the effector caspase, caspase-3, and apoptosis. In normal cells, caspase-9 is activated by cytochrome c, following its release from mitochondria. Many cytotoxic drugs induce apoptosis by engaging this pathway and inducing cytochrome c release. 47 iC9 is engaged downstream of this step and hence is a more direct way of inducing apoptosis in the absence of any additional upstream signals. Theoretically, this mode of inducing apoptosis should be less prone to inhibition than traditional chemotherapeutic regimens that engage the mitochondrial pathway. For example, drug resistance in cancer cells is often associated with increased expression of the anti-apoptotic protein Bcl-2, which blocks cytochrome c release from the mitochondria. 8 Direct activation of caspase-9 independent of this step should overcome such resistance mechanisms.
Despite the potential advantages of this system, our results demonstrate that lung cancer cells exhibit substantial heterogeneity in their sensitivity to iC9-induced cell death. The relative resistance we observed in certain NSCLC cells was effectively overcome by combining iC9 and the proteasome inhibitor bortezomib. Bortezomib is a boronic-acid derivative that reversibly inhibits the active sites in the 20S proteasome. It has shown excellent clinical activity in patients with multiple myeloma, 48 but its single agent activity in solid tumors has been less impressive. 49, 50 The mechanism of action of bortezomib is not fully understood, but it appears to have broad effects on cancer cells, including downregulating the pro-oncogenic nuclear factor-κB pathway, 51, 52 stabilizing pro-apoptotic proteins, 53 increasing protein toxicity and enhancing autophagy. 54 The combination of CID and bortezomib enhanced the antitumor activity of MSCs delivered iC9 in a xenograft model of lung cancer. However, the combination of CID and bortezomib did not prolong survival of the mice. This appeared to be due to speciesdependent non-specific toxic effects of bortezomib, including severe weight loss. Similar effects have been previously reported in mice following multi-dose treatment with bortezomib as a single agent. 29 Although bortezomib is known to induce transient thrombocytopenia when given at therapeutic doses in humans, the more severe toxic side effects seen in mice are not replicated. 29 Therefore it should be feasible to test the combination of iC9 and bortezomib clinically, should additional pre-clinical studies confirm their synergistic activity. Our translational path currently envisages the use of a conditionally replication competent adenovirus 55 encoding iC9, thereby providing both an amplification step for iC9 expression and an additional mechanism for tumor destruction. Our proposed phase I study will use MSC delivery of iC9 alone, followed by a second cohort of patients who will be treated with the combination of iC9 and bortezomib at approved doses.
The potential for toxicity also underscores the need to understand the mechanism by which bortezomib enhances apoptosis and tumor killing induced by caspase-9 in order to identify further ways to improve this therapeutic strategy. Bortezomib appears to function in this context by preventing proteasomal-mediated degradation of pro-apoptotic mature caspases. We observed enhanced stabilization of the processed forms of both caspase-9 and caspase-3 in response to the combined CID and bortezomib treatment. Our data further suggest that this stabilization is mediated through effects on XIAP, a member of the IAP family and a potent inhibitor of caspase-3, -7 and -9. 56 XIAP is an E3 ubiquitin ligase that binds caspase-3 and targets it to the proteasome for degradation. 30, 57 Knockdown of XIAP sensitized cells to iC9-induced apoptosis, suggesting that bortezomib maximizes iC9-induced apoptosis, in part, by antagonizing the E3 ligase activity of XIAP (Figure 6 ). Bortezomib also downregulates nuclear factor-κB signaling. 51 XIAP is a transcriptional target of nuclear factor-κB, 58 therefore bortezomib may further downregulate XIAP activity by reducing its expression level.
Upregulation of IAPs or their aberrant expression by tumor cells has been associated with therapy resistance and poor prognosis. [59] [60] [61] [62] Strategies targeting IAPs using small-molecule IAP antagonists represent a promising approach to overcome drug resistance. 63 For example, inhibition of XIAP has been shown to potentiate TRAIL-induced apoptosis and overcome resistance to TRAIL in a number of preclinical cancer models. [64] [65] [66] [67] Similarly, the requirement to overcome XIAP activity for maximal induction of iC9-associated apoptosis may also suggest a clinical application for the use of IAP antagonists in combination with MSC-delivered iC9.
Unlike HSV-TK/GCV, the mode of action of iC9/CID does not allow for bystander killing of uninfected cells by transgene products from the transduced tumor cells. Having validated the concept of delivering iC9 in an adenoviral vector by means of MSCs, it should now be possible to further develop the approach so that the effect of iC9 can be amplified. For example, as described above a conditionally replicating iC9 adenoviral vector could be substituted for the replication incompetent vector used in these initial validation studies. 68 The current iC9 vector could also be modified to incorporate one or more immunostimulatory genes to allow the cells killed by iC9/CID to generate a more generalized anti-tumor immune response. 69 Both approaches could be extended to this novel MSC-iC9 system.
In conclusion, this study is the first to demonstrate the feasibility and potential effectiveness of systemic administration of Ad.iC9-producing MSCs for NSCLC treatment. The anti-tumor activity is synergistically enhanced when the approach is combined with the proteasomal inhibitor bortezomib, a drug that is otherwise inactive against NSCLC. 50 
